The central challenge in realizing electronics based on strongly correlated electronic states, or 'Mottronics', lies in finding an energy efficient way to switch between the distinct collective phases with a control voltage in a reversible and reproducible manner. In this work, we demonstrate that a voltage-impulse-induced ferroelastic domain switching in the (011)-oriented 0.71Pb(Mg 1/3 Nb 2/3 )O 3 -0.29PbTiO 3 (PMN-PT) substrates allows a robust non-volatile tuning of the metal-insulator transition in the VO x films deposited onto them. In such a VO x /PMN-PT heterostructure, the unique two-step electric polarization switching covers up to 90% of the entire poled area and contributes to a homogeneous in-plane anisotropic biaxial strain, which, in turn, enables the lattice changes and results in the suppression of metal-insulator transition in the mechanically coupled VO x films by 6 K with a resistance change up to 40% over a broad range of temperature. These findings provide a framework for realizing in situ and non-volatile tuning of strain-sensitive order parameters in strongly correlated materials, and demonstrate great potentials in delivering reconfigurable, compactable, and energy-efficient electronic devices. E lectronics based on strongly correlated materials or 'Mottronics' have shown a wide range of fascinating phenomena, such as the metal-insulator transition (MIT) [1] [2] [3] [4] [5] [6] . The non-volatile voltage control of the conductivity in such materials is one of the most promising schemes for realizing energy-efficient electronic devices [7] [8] [9] [10] [11] [12] [13] . In these materials, electron-electron interactions have a dominant influence on the material properties, and result in the coexistence of multiple phases and inhomogeneous domains on the nanometer scale 8, 14 . Small changes in the structure and charge density near a transition between competing phases can tip the balance among them and eliminate the domain inhomogeneity, leading to large changes in the electronic properties 4, 9, [15] [16] [17] . Making use of these effects in device applications requires the ability to switch between the distinct electronic states with a control voltage in a stable and reversible manner 14, 18 . Devices based upon such transitions could be, in principle, both fast and energy efficient, thus overcoming some of the intrinsic limitations in conventional field-effect transistors and also providing new functionalities. As one of the most fascinating oxide materials, vanadium dioxide (VO 2 ) has been known for decades, and is of great interest because it undergoes upon cooling a first-order temperature-driven metal-insulator transition at T 0 C~3 41K with an abrupt increase in resistivity by several orders of magnitude 6 . This transition is accompanied by a symmetry-lowering structural transition from the tetragonal phase (metallic) to the monoclinic phase (insulating) 7, 19, 20 . Upon cooling through the MIT, the tetragonal c-axis expands up to 1%. On the other hand, along the a-axis and b-axis, the lattice shrinks by 0.6 and 0.1%, respectively. Therefore, this Mott transition is inherently associated with the structural changes and the lattice strain via strong coupling among the lattice, charge, spin and orbital degrees of freedom of electrons.
. The non-volatile voltage control of the conductivity in such materials is one of the most promising schemes for realizing energy-efficient electronic devices [7] [8] [9] [10] [11] [12] [13] . In these materials, electron-electron interactions have a dominant influence on the material properties, and result in the coexistence of multiple phases and inhomogeneous domains on the nanometer scale 8, 14 . Small changes in the structure and charge density near a transition between competing phases can tip the balance among them and eliminate the domain inhomogeneity, leading to large changes in the electronic properties 4, 9, [15] [16] [17] . Making use of these effects in device applications requires the ability to switch between the distinct electronic states with a control voltage in a stable and reversible manner 14, 18 . Devices based upon such transitions could be, in principle, both fast and energy efficient, thus overcoming some of the intrinsic limitations in conventional field-effect transistors and also providing new functionalities. As one of the most fascinating oxide materials, vanadium dioxide (VO 2 ) has been known for decades, and is of great interest because it undergoes upon cooling a first-order temperature-driven metal-insulator transition at T lattice mismatch with the substrate or buffer layer, the transition temperature and the structural distortion are remarkably changed due to the modification of orbital occupancy 7 . Applying an external bending force on a free-standing single crystal VO 2 beam results in the ordered arrays of metallic and insulating domains, and dramatically reduces the metal-insulator transition temperature to room temperature 9 . While these results provide a framework for creating novel functionalities and in situ tuning, non-volatile switching between the distinct phases using strain remains far from being fully explored. In non-volatile switching, the electronic states remain in a stable remnant state after the control strain is switched off 22, 23 . In addition, from a device application point of view, the application of mechanical stress in the system makes the device bulky, noisy and energy consuming, which could not satisfy the demands of the next generation of electronics. One of the most promising approaches to in-situ manipulation of lattice-coupled order parameters is to grow oxide films on ferroelectric/piezoelectric substrates 18, [24] [25] [26] [27] [28] [29] [30] . By applying electric fields onto these systems, the lattice parameters of the substrates are modulated due to the converse piezoelectric effects, resulting in the property changes in the films grown on these substrates [31] [32] [33] [34] [35] [36] [37] [38] . This concept has been demonstrated in many strongly correlated magnetic oxide/ferroelectric heterostructures [39] [40] [41] , such as La 0. 7 42 , where the voltage control of magnetic properties is realized through lattice-spin coupling. However, tuning of the metal-insulator transition in electronics based on strongly correlated oxide/ferroelectric heterostructures through lattice-charge coupling has rarely been studied. Moreover, most of the reports fail to demonstrate the non-volatility of the phase switching because the strain resulting from a linear piezo response decays after the removal of the control voltage.
In this work, the VO x thin films are directly grown on the single crystal piezoelectric PMN-PT (011) (cubic setting) substrates, which allows the application of an in-situ in-plane biaxial strain induced by the electric field. Through voltage control of the lattice strain, the metal-insulator transition temperature in VO 2 is shifted by up to 6 K, as confirmed by the large changes in the resistance over a broad range of temperature. In addition, we use a unique ferroelastic switching pathway in the (011)-oriented PMN-PT that allows up to 90% of the polarization to switch between the out-of-plane direction and the inplane direction 43 , thereby producing two distinct, stable and electrically reversible lattice strain states. Voltage impulse switching between these remnant strain states are realized and a highly energy-efficient, non-volatile tuning of resistance up to 40% at the transition temperature and up to 8% at room temperature has been achieved in the elastically-coupled VO x films. The domain structure, polarization switching pathway and lattice strain in response to the electric field applied on the PMN-PT (011) platelet are revealed using reciprocal space mapping (RSM). The polarization switching generates a large homogeneous lattice strain throughout the entire sample, which, in turn, modulates the MIT in the VO x films. These results point to opportunities in realizing non-volatile tuning of order parameters that are coupled to the lattice strain in oxide heterostructures over a broad range of temperatures, showing great potentials in achieving reconfigurable, compact, light-weight and ultra-low power electronic devices.
Results
The VO x films with a thickness of 100 nm were deposited on the (011)-oriented single crystal PMN-PT substrates by RF-magnetron sputtering at 500uC in an Ar/O 2 gas atmosphere from a VO 2 target. Figure 1 shows the x-ray diffraction pattern of the as-grown VO x / PMN-PT (011) heterostructure, where the PMN-PT substrate stays in an unpoled strain state. In addition to the PMN-PT (011) peak, two major peaks are observed in the XRD pattern, which correspond to the VO 2 (011) and V 2 O 5 peaks, indicating the biphased nature of the deposited film which is labeled as VO x . The surface morphologies of the substrates and the as-grown samples were imaged with the atomic force microscopy (AFM) as shown in the insets of Figure 1 . PMN-PT has a rhombohedral structure with a 5 4.02 Å and a 5 89.9u at room temperature, with the ferroelectric polarization (P) pointing to the ,111. directions of the pseudo-cubic cell. Therefore, the surface of PMN-PT shows contrast patterns arising from the structural kinks at the ferroelectric/ferroelastic domain walls (left inset) where the orientation of P changes by less than 180u. Such kinks were also observed in the AFM image of VO x / PMN-PT (right inset), where the grain size of the VO x film was found to be on the nanometer scale. By applying an electric field to the ferroelectric PMN-PT substrate, two possible tuning mechanisms, field effect and strain effect, may co-exist 44 . Since the VO x film has a thickness of 100 nm, the electric-field effect which only takes place in a few nanometers can be ruled out and the strain effect is dominant in this system. Figure 2 (a) shows the schematics of the experimental setup for the resistivity measurement with a bias electric field applied along the direction perpendicular to the PMN-PT (011) plane. The resistivity of the as-deposited VO x thin film was measured using a four-probe technique in a probe station with a temperature-controlled chuck. The whole piece of the sample was poled by a sufficiently high electric field before carrying out any subsequent electrical measurements. The resistance of the film changes by as large as one order of magnitude, while the sample undergoes the metal-insulator transition (MIT) within the temperature range of 330 K , 350 K. The MIT temperatures for various thermal processes were determined by the first derivative of resistivity versus temperature (the inset in Figure 2b ), which are 338 K upon heating and 332 K upon cooling, respectively.
The electric field modulation of the resistivity of VO x with different voltage switching pathways was characterized at room temperature (298 K), as shown in Figure 3 (a). An in-situ voltage was applied on a VO x /PMN-PT sample along the thickness direction, where the VO x film acted as the top electrode and the Au film coated on the backside of the PMN-PT substrate was used as the bottom electrode. Since the resistivity of the VO x thin film is much less than that of the PMN-PT bulk substrate, most of the applied voltage was homogeneously loaded on the PMN-PT substrate and thereby enabled a coherent lattice strain. Upon cycling a triangular electric field with an amplitude of 8 kV/cm, a 'butterfly' curve (red) of the resistance vs. electric field was displayed (Fig. 3a) , showing a relative resistance change of 8% at room temperature, which was defined as
This result is consistent with the typical 'butterfly' curve of the strain vs. electric field expected for the PMN-PT substrate, indicating that the resistance change in the VO x films was induced by the lattice strain. In this symmetric bipolar electric field scenario (the strengths of the positive and negative fields are equal), the polarization that undergoes 109u and 180u ferroelectric switching at the coercive fields (inset in Fig. 3a) failed to create the distinct remnant strain states due to the strain equivalence in these domain states. However, upon increasing the strength of the electric field, a strong in-plane anisotropic biaxial strain can be generated, which resulted in the large changes in the resistivity of the VO x films. This strain effects are caused by the linear piezo-effect of the PMN-PT rather than the domain switching. When an asymmetric bipolar electric field was applied (the negative field is larger and the positive field is smaller), a hysteretic response of the resistance vs. the electric field was observed. In particular, a dramatic enhancement of the resistance of VO x was found once a small positive electric field of 1.5 kV/cm was applied on a negatively poled PMN-PT substrate and then removed. Moreover, the resistance of VO x could be switched back to its initial state by applying another small negative electric field. In this process, we assume that the 71u ferroelectric/ferroelastic domain switching takes place, which enables the polarization to dynamically rotate between the out-of-plane and the in-plane directions, thus resulting in a significant lattice strain in the (011) plane (inset in Fig. 3a) . In this case, two distinct remnant resistance states which are noted as 'A' for the low resistance state and 'B' for the high resistance state of VO x were established by reversing the electric field at the coercive field of the PMN-PT. Therefore, domain-engineered ferroelectric/ferroealstric switching can be used for the non-volatile tuning of resistivity in the VO x /PMN-PT heterostructures.
Besides the electric field-induced tuning of the resistivity of VO x at room temperature, the metal-insulator transition temperature of the VO x film on PMN-PT also can be modified by changing the ferroelastic strain states through the application of an electric field, as shown in Figure 3 (b) . It is well known that in the metal-insulator transition, the structure of VO x changes from monoclinic at low temperature to tetragonal at high temperature. The spontaneous dilatational strain involved in the transformation is about 0.044%, which is much smaller than a typical piezo-strain of 0.2 , 0.5%. Once the vanadium cations pair up along the c-axis, the Mott insulator phase appears. Thus, the MIT temperature is closely related to the caxis length of the lattice in VO x . In our case, the VO x films with the preferred orientation of [001] for VO 2 phase are subject to a compressive strain and tensile strain along the in-plane [100] and [0-11] direction of PMN-PT, respectively. These strains may result in an elongation of the lattice along the c-axis, which is expected to be ,0.2%
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. By precisely controlling the ferroelectric domain structure and the lattice strain states, the V-V bond length along the c-axis in the VO x films can be in situ modulated which, in turn, results in the changes in the MIT temperature. In our study, electrically tuning of the metal-insulator transition temperature in VO x /PMN-PT was revealed through the observation of the temperature dependent resistance change in the VO x films at two different poling or strain states of PMN-PT. These two strain states 'A' and 'B' correspond to the two remnant resistant states in Fig. 3(a) . Given the rhombohedral symmetry of the single crystal PMN-PT, the spontaneous polarization shows eight orientation states (r1
and r4
2 ) which correspond to four ferroelastic domains (r1, r2, r3, r4). The state 'A' refers to the negatively poled state (r1/r2), in which all the polarizations point to the out-of-plane by vertically applying a large electric field on the sample and then switching it off (left inset in Fig. 3b ). The state 'B' refers to a ''depoled'' state (r3/r4), in which most of the polarizations lie in the plane, which was produced by applying a small positive electric field on the negatively poled VO x / PMN-PT and then switching it off. The metal-insulator transition temperature is taken as the midpoint of the sharp jump in the resistance curve upon heating. The transition temperature of VO x rises noticeably by 6 K when the PMN-PT strain state is switched from state ''A'' to ''B''. Since the transition temperature of VO 2 is highly sensitive to its c-axis length, the strong out-of-plane strain or lattice distortion produced by the ferroelastic switching of PMN-PT shows a great capability to modify the transition temperature of VO x . The stable and reversible in-plane and out-of-plane polarization states enable the control of the transition temperature of the VO x on the PMN-PT substrate by simply switching the electric field, which offers an energy efficient way to control the MIT property of VO x . Figure 4 (a) shows that the electric fields in-situ manipulate the resistance in VO x /PMN-PT (011) at various temperatures. Hysteretic changes in the resistance were observed upon applying appropriate asymmetric bipolar electric fields, showing a large tunability with an up to 40% change in the resistance at the transition temperature of 338 K (8% at room temperature). This indicates that the resistivity is very sensitive to the external strain induced by the electric field near the MIT. Figure 4(b) shows the first derivatives of ln(R) with respect to the applied electric field (E) across the sample at various temperatures. A giant resistance change coefficient, defined as d(ln(R))/dE, was observed, which is up to 55%. cm/kV at the MIT temperature as the polarization vectors were electrically switched between the in-plane and out-of-plane states at the coercive fields. The sharpness of the peaks in d(ln(R))/dE and the lower coercive fields at room temperature are ideal for device applications. Conversely, at low T the broad peaks and higher coercive fields point to a relatively difficult ferroelectric polarization switching in the PMN-PT. Figure 5 shows the electric field impulse-induced non-volatile switching of the resistance in VO x /PMN-PT at room temperature and at the MIT transition temperature of 338 K. Upon the application of an appropriate electric field impulse, non-volatile switching of the resistance in VO x /PMN-PT heterostructures has been realized, corresponding to the two distinct stable and reversible strain states. The electric field-induced modulations of the resistance reached 13% and 4% at 338 K and at room temperature, respectively. The change of the resistance of VO x did not show any noticeable variation after 2000 cycles.
In order to confirm that the non-volatile switching of the conductivity in the VO x films comes from the stable and reversible polarization rotation in the PMN-PT (011) substrates, a high resolution x-ray reciprocal space mapping (RSM) technique was used to quantitatively determine the polarization switching pathway in response to the electric fields. Figure 6 shows the RSMs of the PMN-PT (011) substrate in the vicinity of the (022) and (222) 
r3 /r4 as shown in Fig. 6(a) . According to the lattice parameter and the rhombohedral domain structure, r1/r2 and r3/r4 can be distinguished by the different spot distributions and intensities in the (022) reflection. Meanwhile, r2 and r1/r3/r4 can be distinguished by the different spot distributions in the (222) reflection. Analysis of the RSM patterns in the initial state (Figure 6d and 6g) suggests that all the possible domain states coexist with most of the polarizations lying in the (022) plane. After a positive voltage was applied on the sample, the RSM in Figure 6e shows a single high intensity reflection spot with a lower Q 022 value, while the spot with the high Q 022 value disappears. This high intensity spot corresponds to the r1/ r2 domain states, with all the polarizations pointing to the out-ofplane direction. The domain distribution of r1 and r2 can be quantitatively determined from the (222) reflection shown in Figure 6h . After an appropriate negative electric field is applied and removed, the spot with the lower Q 022 value almost vanishes, while the spot with the high Q 022 value appears, as shown in Figure 6f , indicating that the polarization undergoes a 71u domain switching and its vectors are rotated from the out-of-plane directions to the in-plane directions. Therefore, the stable and reversible ferroelectric/ferroelastic domain switching pathway is confirmed, which arises from the polarization rotation between the in-plane and the out-of-plane directions. Analysis of the peak intensities revealed that the 71u domain switching takes place in up to 90% of the entire poled area, leading to a large homogeneous in-plane lattice strain. This points out the advantage of poling a (011)-oriented PMN-PT over a (001)-oriented PMN-PT where only the 109u domain switching facilitates the in-plane lattice strain and it merely covers 26% of the poled area.
Discussion
The electric field modulation of the metal-insulator transition and the non-volatile switching of the resistivity have been demonstrated in the VO x /PMN-PT (011) heterostructures. A variation of the transition temperature up to 6 K is realized via two distinct, stable and reversible strain states generated by using a unique ferroelastric switching pathway. Although the VO x film used in this work shows a poor phase quality, a distinct property tuning of VO x with applying a voltage was observed. It can be expected that if the epitaxial VO 2 film with the resistance change more than 4 orders of magnitude are grown on the PMN-PT or other ferroelectric substrate, the electrical tuning of the resistance will be much more distinguished. This voltage impulse tuning of the metal-insulator transition shows a great potential for the application of next generation fast, energy-efficient, reconfigurable electronic devices.
Method
The VO x films were deposited on the (011)-oriented PMN-PT substrates by using the RF-magnetron sputtering. The substrates were kept at 500uC and the deposition process took place in an Ar and O 2 mixed atmosphere at a pressure of 3 mTorr. The power of the RF gun was set to be 150 W. The thickness of the VO x film was about 100 nm by controlling the deposition time. Four circular Au top electrodes with a diameter of 200 mm were sputtered on the VO x film using a shadow mask. The structure and surface of the films were characterized with a high-resolution x-ray diffraction (XRD) and piezoresponse force microscopy (PFM). The electric transport properties were measured by the four-point measurement at different temperatures in a probe station with a temperature controlled chuck. The in-situ electric field was applied along the thickness direction of the PMN-PT substrates. The domain structure in the PMN-PT (011) were characterized in reciprocal space mapping (RSM) using a triple axis diffractometer under different switching pathways.
